We investigate the gamma-ray and X-ray emission from the transient gamma-ray source Fermi J0035+6131, which was discovered with the Fermi Large Area Telescope (LAT) near the Galactic plane at b = 1.
INTRODUCTION
The Large Area Telescope (LAT) on board the Fermi Gamma-ray Space Telescope (Atwood et al. 2009 ) has detected numerous, previously unknown transient sources of GeV gamma rays. While the majority of these transient gamma-ray sources are likely extragalactic, some have been shown to be located within our Galaxy. One such Galactic gamma-ray transient is Fermi J2102+4542 (Cheung et al. 2010) , which was identified as a classical nova outburst in the symbiotic star V407 Cyg (Abdo et al. 2010) . This discovery established novae as a new class of gamma-ray sources, and several other novae have subsequently been detected with the Fermi LAT. Variable GeV gamma-ray emission has also been observed from several Galactic X-ray binaries such as the microquasar Cygnus X-3 (Abdo et al. 2009a ) and the Highmass X-ray Binaries LS I +61 303 and LS 5039 (Abdo et al. 2009b ). An investigation of Fermi LAT transients detected near the Galactic plane may reveal previously unknown GeV gamma-ray sources in our Galaxy.
On 2016 January 14, the Fermi LAT observed strong gamma-ray emission from the previously unknown source Fermi J0035+6131 located only 1.
• 3 from the Galactic plane. The source was detected with a daily-averaged flux of (5.7 ± 1.5) × 10 −7 photons cm −2 s −1 above 100 MeV at coordinates R.A. = 8.
• 91 and decl. = 61.
• 52 (J2000.0) with a statistical 95% containment radius of 0.
• 08 (Pivato et al. 2016 ). The best-fit location of the gamma-ray source is 0.
• 03 from the unidentified radio source VCS4 J0035+6130 (87GB 003232.7+611352) which was suggested as a potential counterpart. Follow-up observations of this source in the radio band 6-23 days after the gamma-ray detection indicate that, compared to earlier observations, the radio flux was higher by a factor of 1.5-2 at frequencies above 4.8 GHz (Trushkin et al. 2016) . A near-infrared (NIR) counterpart of the radio source with magnitudes J = 16.81, H = 15.64, and Ks = 14.86 was discovered in an observation performed 14 days after the gamma-ray detection (Carrasco et al. 2016) . The region near Fermi J0035+6131 was also observed in X-rays with XMM-Newton 10 days after the Fermi LAT detection. In a preliminary analysis of the XMMNewton data, we detected two previously unknown X-ray sources inside the Fermi LAT confidence region, the radio source VCS4 J0035+6130 mentioned above and the B1 IV:nn star HD 3191 (Pandel & Kaaret 2016; Pandel 2017) . Munari & Valisa (2016) obtained optical spectra of HD 3191 and derived its radial velocity, which was found to differ significantly from that measured several decades earlier. The hard X-ray spectrum and the apparent change in radial velocity suggest that HD 3191 may be an X-ray binary. Both X-ray sources are potential candidates for the multi-wavelength counterpart of Fermi J0035+6131.
In this paper, we present a detailed analysis of gamma-ray and X-ray data of the region near Fermi J0035+6131. We analyze over 9 years of Fermi LAT Pass 8 data to search for additional gamma-ray flaring activity, obtain an improved location of the transient, and constrain its spectral properties. Furthermore, we analyze X-ray data obtained with XMMNewton and Swift to identify potential counterparts of Fermi J0035+6131 and constrain their X-ray spectra and variability. We then investigate the multi-wavelength properties of these counterparts and discuss the implications for the identification of the gamma-ray transient.
FERMI LAT DATA ANALYSIS
We analyzed Fermi LAT Pass 8 data (Atwood et al. 2013) covering 9.5 years from 2008 August 4 to 2018 March 2. Events were selected in the energy range 0.1-100 GeV from a 15
• radius circular region of interest centered on R.A. = 8.
• 52, the best-fit location of Fermi J0035+6131 originally reported by Pivato et al. (2016) . Included in our analysis were front and back events classified as SOURCE (evclass=128) with zenith angles <90
• , and the Instrument Response Functions P8R2 SOURCE V6 were used. The spatial, spectral, and timing analysis of the LAT data was performed using a standard unbinned maximum likelihood method with the Fermi Science Tools.
3 The significance of gamma-ray sources was evaluated using the Test Statistic TS = 2 ln(L 1 /L 0 ) (Mattox et al. 1996) , where L 1 and L 0 are the maximum likelihood values with and without a given source included in the model. √ TS is approximately equal to the significance in terms of the standard deviation σ. In a preliminary analysis of two days of LAT data of the transient event (MJD 57401-57403) we detected four of the sources listed in the 3FGL catalog (Acero et al. 2015) inside the 15
• radius region of interest with a Test Statistic TS > 10: 3FGL J0007.0+7302, 3FGL J0223.6+6204, 3FGL J0240.5+6113, and 3FGL J2229.0+6114. We included these sources in our model for the likelihood analysis, but because of their comparatively low number of counts and their large distances from Fermi J0035+6131 of >10
• , the spectral parameters were fixed at the catalog values. Our model of the region of interest also included Galactic diffuse emission (gll iem v06.fits) and extragalactic isotropic emission (iso P8R2 SOURCE V6 v06.txt) with their normalizations as free parameters.
A gamma-ray counts map of 9.5 years of LAT data of the region around Fermi J0035+6131 is shown in Figure 1 . No gamma-ray source is detected at the location of the transient, which places a 95% upper limit of 1.5 × 10 −9 photons cm −2 s −1 on the average gamma-ray flux between 0.1 and 100 GeV (assuming a power-law spectrum with a photon index of −2.0). To search for previously undetected gamma-ray flaring activity in Fermi J0035+6131, we divided 9.5 years of LAT data between MJD 54683 and MJD 58180 into 2-day time intervals in 1-day steps and fitted our model of the region of interest to the data of each time interval. Fermi J0035+6131 was modeled as a point source at its originally reported location having a power-law spectrum with a fixed photon index of −2.0 and variable normalization. We searched the light curve for time intervals during which the gamma-ray source is detected with a TS value >25, which corresponds to a 5σ detection threshold for a single 2-day interval or a 0.2% probability of at least one false detection in the entire light curve. We found two flaring events above this threshold with TS values of 35 and 82, respectively, with the lower value corresponding to a falsedetection probability of 1 × 10 −5 . The first flare occurred near MJD 57067 and had not previously been reported. The second flare, which was detected near MJD 57402, is the one reported by Pivato et al. (2016) . Figure 2 shows 6-hr light curves of the gamma-ray flux and the Test Statistic TS near the times of the two flares.
To better constrain the start and end times of the two flares, we selected gamma-ray events from a 1
• region around Fermi J0035+6131 and used a Bayesian Blocks method (Scargle et al. 2013 ) with the unbinned event data. We found that the first flare lasted ∼10 hr from MJD 57066.5 to 57066.9 and the second flare ∼30 hr from MJD 57401.0 to 57402.2 with the first flare being three times as intense as the second. (Note that the start and end times could not be constrained to better than ∼0.1 days because the object was only observable during ∼1/4 of the 3.2-hr Fermi LAT sky survey cycle.) We then selected LAT data from the entire region of interest for the above time intervals and fit our model to the data using an unbinned maximum likelihood method. Figure 1 shows TS maps for the two time intervals obtained using gttsmap. The TS maps, which represent the significance of a putative point source at a given location, clearly show the detection of Fermi J0035+6131 with a high significance. The best-fit location of the gamma-ray source, i.e. the location with the maximum TS value, was determined using gtfindsrc. Results are shown in Table 1 . To obtain stronger constraints on the source location, we also performed an analysis of the combined data from the two time intervals. Our best estimate for the location of Fermi J0035+6131 is R.A. = 8.
• 975 and decl. = 61.
• 548 with a location error of 0.
• 056 (68% confidence, statistical only). The spectral parameters of the two flares were obtained using an unbinned maximum likelihood fit with a simple power-law model with the normalization and photon index as free parameters. The average gamma-ray flux and the photon index obtained from the fit are shown in Table 1 . The spectra are well described by a power-law model with a photon index near −2.0. The number of detected gamma rays was too low to allow discriminating between different spec- • 05) of a 20
• × 20
• region centered on Fermi J0035+6131 and TS maps at the times of the two flares. tral models such as broken power-law or log-parabolic models. Given the upper limit of 1.5 × 10 −9 photons cm −2 s −1 on the 9.5-year averaged gamma-ray flux, the two flares represent an increase in gamma-ray brightness by factors of at least 1000 and 300, respectively.
X-RAY DATA ANALYSIS
The region near Fermi J0035+6131 was observed with XMM-Newton (Jansen et al. 2001 ) on 2016 January 24, 10 days after the Fermi LAT detection. We obtained 11.2 ks of data from each of the EPIC MOS cameras (Turner et al. 2001 ) and 9.8 ks from the EPIC PN camera (Strüder et al. 2001) . All three cameras were operated in full frame mode with the medium blocking filters. The X-ray data were filtered to include only good events with patterns 0-12 for MOS and 0-4 for PN. For our analysis we selected X-ray events in the energy range 0.5-12 keV.
An X-ray counts map of the region near Fermi J0035+6131 is shown in Figure 3 . The contours represent the confidence regions of the transient's location we obtained from our analysis of the Fermi LAT data. Six X-ray sources are detected with a likelihood DET ML>15 inside the 3σ (99.7%) Fermi LAT confidence region. Source locations, X-ray fluxes, hardness ratios, and likely associations for these sources are shown in Table 2 .
Four of the detected X-ray sources exhibit a large hardness ratio suggesting an accreting object or other type of highenergy source. Their hard X-ray spectra make them potential candidates for the counterpart of the gamma-ray source. The two brightest of these sources are associated with the unidentified radio source VCS4 J0035+6130 and the star HD 3191, respectively. No counterparts at other wavelengths are known for the other two hard X-ray sources. The two remaining sources exhibit a very soft X-ray spectrum, and they are unlikely to be associated with the gamma-ray flare. Both have a known optical counterpart and are likely X-ray active stars.
For the two brightest sources, we fitted the X-ray spectra with various models using XSPEC (Arnaud 1996) and estimated the spectral parameter using a maximum likelihood method. In both cases, the spectra are equally well fit by either an absorbed power-law model or an absorbed bremsstrahlung model. However, an absorbed blackbody model does not provide a good fit and can be ruled out. The best-fit parameters for the power-law and bremsstrahlung models are shown in Table 3 . For the other sources, the X-ray flux was too low to determine meaningful parameters from a spectral fit.
The region near Fermi J0035+6131 was also observed with the Swift XRT (Burrows et al. 2005) X-ray Counts Map Figure 3 . X-ray counts map (0.5-12 keV) of the region near Fermi J0035+6131 obtained with XMM-Newton 10 days after the first detection of the gamma-ray transient. The contours represent the 1σ, 2σ, and 3σ (86%, 95%, and 99.7%) confidence regions of the gamma-ray source location obtained from the Fermi LAT data. X-ray sources detected inside the 3σ confidence region are labeled with the IDs shown in Table 2 ). Table 3 . X-ray spectral parameters for the two brightest X-ray sources, VCS4 J0035+6130 and HD 3191, obtained by fitting two different spectral models, an absorbed power-law model and an absorbed single-temperature bremsstrahlung model, to the XMMNewton spectra. The flux shown is the absorbed flux in the 0.5-12 keV energy range, NH is the neutral hydrogen column density (using abundances by Wilms et al. 2000) , and uncertainties are shown at 90% confidence. Parameters were estimated using a maximum likelihood method with C statistic (Cash 1979) , and the C value of the fits as well as the number of degrees of freedom (dof) are shown.
VCS4 J0035+6130 HD 3191
Power-law Model Flux (10 −14 erg cm −2 s −1 ) 103 ± 7 10.6 ± 2.5
Photon index −1.57 ± 0.10 −1.5 ± 0.4 N H (10 21 cm −2 ) 7.5 ± 1.0 4.5 ± 3.0 C value (dof) 134 (120) 14.1 (24) Bremsstrahlung Model Flux (10 −14 erg cm −2 s −1 ) 98 ± 7 10.1 ± 2.7
Temperature (keV) 15 ± 5 > 6 N H (10 21 cm −2 ) 6.6 ± 0. Newton, we only detect the brightest X-ray source, VCS4 J0035+6130. We estimated the X-ray flux from this source for each Swift observation by fitting the spectrum with an absorbed power-law model with the photon index and neutral hydrogen column density fixed at the best-fit values obtained from the XMM-Newton spectrum (Table 3) . A more detailed spectral analysis was not possible because of the low number of photons detected with the Swift XRT. A light curve of our flux measurements for VCS4 J0035+6130 is shown in Figure 4 . The X-ray brightness does not appear to be strongly variable or declining as might be expected after a gamma-ray flare. However, because of their large uncertainty, the Swift XRT measurements only provide poor constraints on any potential X-ray variability. For HD 3191, which was not detected with Swift, we determined an upper limit of 26 × 10 −14 erg cm −2 s −1 on the 0.5-12 keV flux (95% c.l.), which is well above the flux determined from the XMM-Newton data. Therefore, no conclusions can be drawn about potential X-ray variability of HD 3191.
DISCUSSION
The high-energy processes occurring in gamma-ray emitting objects often lead to X-ray emission with a hard spectral slope. The four X-ray sources with a large hardness ratio we detect inside the Fermi LAT confidence region (Table 2) could therefore be considered potential counterparts of Fermi J0035+6131. However, for two of these sources, no counterparts are known at other wavelengths, making it impossible to classify them without further multi-wavelength observations. We therefore limit our discussion to the two brightest X-ray sources, which have previously been detected at other wavelengths.
VCS4 J0035+6130
The brightest X-ray source we detect inside the Fermi LAT confidence region is positionally coincident with the radio source VCS4 J0035+6130 (Petrov et al. 2006 ) whose offset of 0.
′′ 7 is comparable to the error of the X-ray source location (0.
′′ 2 statistical, 0. ′′ 5 systematic). VCS4 J0035+6130 (NVSS J003524+613030) has been observed in various radio surveys. Condon et al. (1998) measured a radio flux density of 292 mJy at 1.4 GHz, Furst et al. (1990) a flux density of 230 mJy at 2.7 GHz, and Gregory & Condon (1991) a flux density of 180 mJy at 4.85 GHz. Trushkin et al. (2016) performed radio observations of the object 6-23 days after the gamma-ray flare and measured mean flux densities of 230, 210, and 350 mJy, respectively, at 4.8, 11.2, and 21.7 GHz. These flux densities are higher than during past observations by a factor of 1.5-2 at frequencies above 4.8 GHz, which indicates significant variability. The combined flux measurements suggest a spectral index of about −0.5. Pushkarev & Kovalev (2012) analyzed VLBI data of VCS4 J0035+6130 and found that 80% of the observed radio flux is concentrated in a compact core with a size <2 mas (FWHM). A total flux density of 110 mJy was measured in the VLBI maps at both 2.3 and 8.6 GHz, with 90 mJy contained in the compact component. This is somewhat lower than the flux densities obtained from the single-dish and shorter-baseline observations mentioned above, which may indicate the presence of radio emission at angular scales larger than the VLBI field of view. The radio properties of VCS4 J0035+6130 are similar to those of the active galactic nuclei investigated by Pushkarev & Kovalev (2012) , which generally exhibit milliarcsecond sizes and spectral indices above −0.5. The strong, compact radio emission, the flat radio spectrum, and the apparent radio flux variability suggest that VCS4 J0035+6130 is an active galaxy serendipitously located behind the Galactic disk. The extragalactic nature of the object is supported by our estimates of the neutral hydrogen column density of N H = (7.5 ± 1.0) × 10 21 cm −2
and N H = (6.6 ± 0.8) × 10 21 cm −2 (depending on the spectral model), which are somewhat larger than the total Galactic N H along the line of sight of 5.4 × 10 21 cm −2 (Kalberla et al. 2005 ). While the larger N H may indicate intrinsic absorption in the source, the accuracy of our N H measurements is insufficient to draw definitive conclusions. In follow-up observations performed 14 days after the gamma-ray flare, Carrasco et al. (2016) discovered a nearinfrared counterpart of VCS4 J0035+6130 with magnitudes J = 16.81, H = 15.64, and Ks = 14.86. The object had previously not been detected in the 2MASS survey (Skrutskie et al. 2006 ), but Munari & Valisa (2016) point out that this does not necessarily imply an increase of the NIR flux. No counterpart at visible wavelength was detected in the second Palomar Observatory Sky Survey (Reid et al. 1991) , which has limiting magnitudes of B = 22.5, R = 20.8, and I = 19.5. This non-detection may not be surprising given the strong extinction of visible light from extragalactic objects near the Galactic plane. Based on the dust maps by Schlegel et al. (1998) , we estimate that the total Galactic extinction in the V band along the line of sight is A V = 3.9 mag. This implies limits on the intrinsic brightness of the object of B > 17.4, R > 17.6, and I > 17.2. The NIR emission experiences significantly less extinction, and the measurements by Carrasco et al. (2016) correspond to intrinsic magnitudes of J = 15.7, H = 15.0, and Ks = 14.4. Although the limits on the visual magnitudes are somewhat higher than the measured NIR magnitudes, it cannot be concluded that the object experienced an increase in brightness after the gamma-ray flare. For example, observations by Ikejiri et al. (2011) show larger visual than NIR magnitudes with differences of V − J = 1.3−2.8 for blazars not significantly affected by extinction. Therefore, the non-detection of VCS4 J0035+6130 at visible wavelengths can be attributed to the strong extinction near the Galactic plane without presuming variability of the source.
In summary, the strong, compact radio emission with a high spectral index, the large neutral hydrogen column density, and the non-detection at visible wavelengths strongly suggest that VCS4 J0035+6130 is an active galaxy serendipitously located behind the Galactic disk. Other transient Fermi LAT sources at low Galactic latitudes have been identified as extragalactic, such as Fermi J0109+6134 (Vandenbroucke et al. 2010) . Ackermann et al. (2013) found that most of the flaring gamma-ray sources detected with Fermi near the Galactic plane are probably blazars. VCS4 J0035+6130 is therefore the most likely counterpart of Fermi J0035+6131. However, further optical observations, in particular redshift measurements, are needed to confirm its extragalactic nature.
HD 3191
The second brightest X-ray source we detect inside the Fermi LAT confidence region is positionally coincident with HD 3191, which is classified as a B1 IV:nn star, i.e. a subgiant with very broad absorption features. The star has a visual magnitude of V = 8.6 and an estimated distance of ∼2 kpc based on a parallax measurement of 0.47 ± 0.25 mas (Brown et al. 2016) . Our analysis of the XMM-Newton data showed that HD 3191 has an unusually hard X-ray spectrum. While early B-type stars are known to emit X-rays resulting from shocks in theirs stellar winds, they generally exhibit much softer X-rays spectra (e.g. Oskinova et al. 2011) . From our spectral fit with a bremsstrahlung model, we derived a lower limit of 6 keV (70 MK) on the plasma temperature, which is significantly higher than in typical early B-type stars. However, the hard spectrum can be readily ex-plained if HD 3191 is in fact an X-ray binary with a compact companion. This interpretation is supported by recent radial velocity measurements. Munari & Valisa (2016) determined a heliocentric radial velocity of −46.0±0.5 km s −1 on 2016 March 7, which differs from historical measurements by Petrie & Pearce (1961) who found −22 ± 3 km s −1 . Furthermore, in the optical spectrum only one stellar component is visible, which hints at a compact companion if HD 3191 is indeed part of a binary.
Based on our spectral fits, we estimate that HD 3191 has an unabsorbed, bolometric X-ray flux of 1.5 × 10 −13 erg cm −2 s −1 which corresponds to a luminosity of 7 × 10 31 erg s −1 for a distance of 2 kpc. This is significantly lower than the 10 34 −10 38 erg s −1 typically observed for High-mass X-ray Binaries (HMXBs) in which the stellar wind from an O-type or B-type star is captured by a neutron star or black hole (e.g. Shtykovskiy & Gilfanov 2005) . However, the low end of the HMXB luminosity function is not well explored, and it is conceivable that the low luminosity is due to a large orbital separation resulting in a low rate of accretion. Further observations, in particular radial velocity measurements, are needed to establish whether HD 3191 is indeed a binary with a compact companion.
Fermi has detected variable GeV emission from several X-ray binaries, such as the microquasar Cygnus X-3 (Abdo et al. 2009a ) and the High-mass X-ray Binaries LS I +61 303 and LS 5039 (Abdo et al. 2009b ). The peak gamma-ray flux observed for these binaries is comparable to the one we found for Fermi J0035+6131 (e.g. Dubus 2013, Table 2 ). However, their X-ray emission is generally 1-2 orders of magnitude stronger than that detected from HD 3191. E.g., Abdo et al. (2011) found flaring in the long-period gamma-ray binary PSR B1259-63 with a peak gamma-ray flux of ∼2×10 −6 photons cm −2 s −1 (>100 MeV), while the average X-ray flux was ∼10 −11 erg cm −2 s −1 , two orders of magnitude higher than the 1 × 10 −13 erg cm −2 s −1
we found for HD 3191. Furthermore, the gamma-ray emission from these binaries exhibits flaring on longer time scales than Fermi J0035+6131 (tens of days) or shows a strong orbital modulation. The gamma-ray binaries are also detected in the radio band, whereas HD 3191 does not have a known radio counterpart. It therefore seems unlikely that HD 3191 is the source of the observed gamma rays even if it can be confirmed to be an X-ray binary.
CONCLUSIONS
Considering the abundance of flaring, extragalactic gammaray sources detected with Fermi and considering the multiwavelength properties of the object, VCS4 J0035+6130 is the most likely counterpart of Fermi J0035+6131 and probably an active galaxy serendipitously located behind the Galactic disk. While the potential X-ray binary HD 3191 cannot be completely ruled out as an alternative candidate, its properties compared to known gamma-ray binaries make it unlikely to be the source of the observed gamma rays. Further observations, in particular redshift measurements for VCS4 J0035+6130 and radial velocity measurements for HD 3191, are needed to conclusively establish the nature of these objects.
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